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Scientific Purpose & Background 
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Grain Boundaries 
 
Fabrication and Processing 
Cold-working, annealing, recrystallization… 
 
Related Phenomena and Properties 
Ductility, creep, oxidation… 
 
 
 
…but how much do we really know? 

 

How do we explain discontinuities in grain 
boundary-related properties? 
 
• Abnormal grain growth? 
• Embrittlement? 
• Nanocrystalline thermal (in)stability? 



Scientific Background: Phase-like Behavior of GBs 
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Complexion  

The interfacial analogue to a bulk phase 

Aberration-Corrected 
Scanning Transmission 
Electron Microscopy 



Scientific Background: Phase-like Behavior of GBs 
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Grain Boundary Mobility  
in Doped Al2O3 

SJ Dillon, M Tang, WC Carter, MP 
Harmer, Acta Mater. 55 (2007) 6208 

monolayer 

trilayer 



Goals of the Program & General Approach 
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Grain Boundary Complexion Diagrams 
 
Analogous to Bulk Phase Diagrams 
• 5 additional thermodynamic degrees of freedom 
 
Multi-disciplinary approach 
• Experiments:  grain growth, diffusion, conductivity 

thermal properties… 
• Simulation: Density functional theory (DFT), molecular 

dynamics (MD)… 
• Theory: Thermodynamic computational methods 

 
 

New & Improved Materials 

 
Metal-Complexionized Ceramics 
• Metallic complexions at ceramic grain boundaries 

 
Thermally Stable Nanocrystalline Metals 
• Understanding mechanism of thermal stability 

Metal-Complexionized Ceramics 
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Plotting Complexion Diagrams 

Electron Microscopy 

GB Diffusivity 

GB Mobility 

Mechanical Properties 

DFT Simulations Thermodynamic Models 



Accomplishments: Liquid Metal Embrittlement 
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Science Paper  
Ni-Bi Embrittlement 

Ni-Bi Complexion Diagram 

Cu-Bi Complexion Diagram 



Accomplishments: Al2O3-HfO2 
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Currently Under Investigation: 
Hf-doped Polycrystalline Al2O3 

3D Model + HAADF-
STEM Simulations 

This is a general  
grain boundary! 

DFT Simulations 
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Acta Mat Overview: Grain Boundary Complexions 

Acta Materialia Overview     Submitted May 3, 2013 
“Grain Boundary Complexions” 
Patrick R. Cantwell, Ming Tang, Shen J. Dillon, Jian Luo, Gregory S. Rohrer, Martin P. Harmer 



G.D. Hibbard et al., Scripta Mat. 47 (2002) 83-87 

Potential Breakthroughs 
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1450 °C 

1150 °C 

Oxidation rate reduced 4x @ 1450 °C 
Oxidation rate reduced 40x @ 1100 °C 

Understanding Oxidation 
in Al2O3-HfO2 

Metal-Complexionized 
Ceramics 

Understanding the Mechanism of 
Nanocrystalline Thermal Stability 



Scientific Barriers & Grand Challenge 
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Internal Interfaces are Difficult to Study! 
 
Surface Science & Surface “Phase” Transitions 
• A relatively mature field… 

 
The Phase-Like Behavior of Grain Boundaries 
• Discussed since at least 1968 (EW Hart) 
• Experimental study difficult, even with aberration-corrected STEM 

 

Grand Challenge: 

 
Grain Boundary Complexion Diagrams 
• Analogous to bulk phase diagrams 
• Bulk phase diagrams have been developed intensively over decades 
• Grain boundaries have 5 more thermodynamic degrees of freedom! 

 
Sub-Challenge:  Studying Complexions at Equilibrium  
• Does rapid quenching reveal the high-T complexions? 
• Need in-situ TEM hot stage experiments 
• Need other experimental techniques, too 

1200°C @ 106  °C/sec  

In-Situ TEM Hot Stage 

Al2O3-Y2O3 Complexion Diagram 
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Backup slides… 
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Future Work 

1) In-situ Hot Stage STEM 
• Nanocrystalline thermal stability (and instability initiation at GBs) 
• Direct observation of complexion transitions 

 
2) TTT Diagrams 

• How do complexions nucleate and grow? 
• “Sandwich” experiments  
 

3) Complexion Diagrams 
• HfO2-doped Al2O3 

• Oxidation kinetics 
 

4) Nanocrystalline thermal stability: Ni-W, Cu-Zr, W-Ti 
• Sputtered and electroplated 
• We observe multiple bulk phases in electroplated samples… 
 

5) Metal-Compexionized Ceramics (MCCs) 
• At grain boundaries in Al2O3 
• Dopants under exploration: Cu, Ni, Cu-Ti, Ni-Al, Cu-Nb 
 

6) Electrically-conductive Al2O3 by Complexion Engineering 
• ITO-doped Al2O3 
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Nanocrystalline Thermal Stability 

v =Mgk

GB velocity 

GB mobility 
GB energy 

GB curvature 

Driving force for 
grain growth 

Which explains thermal 
stability and instability? 
 
Thermodynamics: 
 
Kinetics: M

g
B. K. VanLeeuwen, K. A. Darling, C. C. Koch, R. O. Scattergood, B. G. Butler, 
Thermal stability of nanocrystalline Pd81Zr19. Acta Mater. 58, 4292 (2010). 
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STEM-HAADF 

500 nm 

Ni-W Specimen Info 
 Electroplated Ni-W 
 Nominally 20 wt. % W 
 Annealed 700C 4 hours Ar-H2 

 

Initial STEM-HAADF and EDS 
indicates 5 phases: 
 Ni-W (Ni-rich) normal grains 

of ~30 nm dia. 
 Abnormal grains of… 

 Ni-W (W-rich) 
 WOx 

 FeOx 

 Nanoparticles of WC (~10 
nm dia.) in periodic rows 

 

Nanocrystalline Thermal Stability 
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Isothermal TTT diagram for complexion transitions in Y-doped Al2O3 
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